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Fig. 2-1. The schematic diagram of Impinging flow burner and electrical set up. 
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Fig. 2-2, The distribution of electric field intensity in electrostatic analysis. 
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Table 2-1. Experimental conditions 

 Direct photograph CH* chemiluminescence Spectroscopy 

Equivalence ratio [-] 1.1 1.1 1.2 

Gap length [mm] 25 20 20 

Inlet velocity [m/s] 0.8 0.8 1.2 

Applied voltage [kV] 0, 10 
−10, −7.5, −5, −2.5, 0, 

2.5, 5, 7.5, 10 
−10, 0, 10 

 

CH* ( 430 nm 10 nm)

CMOS (Baumar VCXG-124M) 10 fps 60

CH* 9

CH* CH*

(FT3701, HIOKI)
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Fig. 2-3. Direct photograph of flat flame with applied voltage of (a) 0 kV, (b) 10 kV.
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2-4 +10 kV

[2,11]

−10 kV

 

 

Fig. 2-4, CH* chemiluminescence of the flat flame a) w/o electric field, b) +10 kV, c) -10 kV at gap 

length of 20 mm, inlet velocity of 0.8 m/s, and equivalence ratio of 1.1, dot line indicates flame 

position w/o electric field. 
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Fig. 2-5. Distribution of CH* chemiluminescence on the center axis of the burner  

under representative applied voltage. 

 

 

 

2.3.3.  

 

2-6 CH*

2-6

 

[8]

 

 

0

20

40

60

80

6 8 10 12 14

In
te

ns
ity

 o
f C

H
* 

[a
.u

.]

Distance from the burner [mm]

0 kV
5 kV
10 kV
– 5 kV
– 10 kV



30 
 

 

Fig. 2-6. Flame position on the center axis of the burner under representative applied voltage. 
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Fig. 2-7. Maximum intensity on the center axis of the burner under representative applied voltage. 
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Fig. 2-8. Width of CH* chemiluminescence on the center axis of the burner 

 under representative applied voltage. 

 

2.3.1.  

 

2-9

HITRAN[15]

2-9

0 kV −10 kV 10 kV

5 kV 4 5 K −5 kV

5 1 K

 

0

1

2

3

4

5

6

-10 -5 0 5 10

Fl
am

e 
th

ic
kn

es
s [

m
m

]

Applied voltage [kV]

0.5*max 0.25*max 0.125*maxImax Imax Imax



33 
 

 

Fig. 2-9. Emission spectrum of burnt gas, gray line is emission spectrum of water vapor  

calculated by HITRAN. 
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Fig. 3-1. Schematic of the configuration and simulation domains: domain , nonequilibrium 

plasma discharge in a flow reactor; domain , flat flame depicted as orange area.
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Table 3-1. Mechanisms used in the simulation of “domain 1” and “domain 2”. 
 Domain 1 Domain 2 

Combustion kinetics – 
Lindstedt’s ammonia oxidation 

model[13] 

Plasma 

chemistry 

NH3 
Ionization, recombination, 

dissociation[10] 

Recombination, dissociation, 

attachment, charge exchange[10] 

O2 
Ionization, excitation, 

dissociation, attachment[12] 

Ionization, de-excitation, attachment, 

charge exchange[12] 

N2 – De-excitation[11] 

O3 Reaction related with ozone[9] 

 

Table 3-2. Mechanism used in“domain 1”; T: gas temperature, R: universal gas constant, units are 

molecules, centimeters and Kelvin. 

 Reaction Rate coefficient  Reference 

1.    [10] 

2.    [10] 

3.    [10] 

4.    [10] 

5.    [10] 

6.    [10] 

7.    [10] 

8.    [10] 

9.    [10] 

10.    [10] 

11.    [10] 

12.    [10] 

13.    [10] 

14.    [12] 

15.    [12] 

16.    [12] 

17.    [12] 
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18.    [12] 

19.    [12] 

20.    [12] 

21.    [11] 

22.    [9] 

23.    [9] 

24.    [9] 

25.    [9] 

26.    [9] 

27.    [9] 

28.    [9] 

29.    [9] 

30.    [9] 

31.    [9] 

32.    [9] 

33.    [9] 

34.    [9] 

35.    [9] 

36.    [9] 

37.    [9] 

38.    [9] 

39.    [9] 

40.    [9] 

41.    [9] 

42.    [9] 

43.    [9] 
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Fig. 3-2. Comparison of the laminar burning velocity of the ammonia flame in the oxygen mole 

fraction in the oxidizer: 30% between the experiment performed by Takeishi et al.[2] and the simulation 

with the mechanism from Lindstedt et al.
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Fig. 3-3. Mole fractions of O2, N2, NH3, H2, H, N, and O atoms and NH and NH2 radicals and of the 

electron in “domain 1” predicted in the zero-dimensional simulation for the isothermal process by 

nonequilibrium plasma for equivalence ratio = 1.0; E/N = 100 Tb. 
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Fig. 3-4. Temperature and mole fractions of H, N, and O atoms and OH radical in “domain 2” predicted 

in the simulation of the flat flame when the degree of ammonia decomposition is 20%. 
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Fig. 3-5. Reaction path analysis of dominant radical consumption routes over a length of 0.02 cm from 

the inlet in “domain 2” when the degree of ammonia decomposition is 20%. 
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Fig. 3-6. Relation of mole fraction of ammonia at x = 0 and rate of increase in the laminar burning 

velocity in “domain 2” to the application time of the electric field in “domain 1” for equivalence ratio 

= 1.0. 
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Fig. 3-7. Relation between degree of ammonia decomposition and rate of increase in the laminar 

burning velocity for equivalence ratio = 1.0. 

 

 

Fig. 3-8. Relation between degree of ammonia decomposition and mole fraction of major radicals 

produced by nonequilibrium plasma discharge in “domain 1” for equivalence ratio = 1.0. 
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NH3

 

Fig. 3-9. Relation between rate of increase in the laminar burning velocity and the application time of 

the electric field for equivalence ratio from 0.80 to 1.30. 

 

 
Fig. 3-10. Relation between rate of increase in the laminar burning velocity and degree of ammonia 

decomposition for equivalence ratio from 0.80 to 1.30. 
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3.3.2.  
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Fig. 3-11. Comparison of the laminar burning velocity between nonequilibrium plasma assisted 

combustion for degree of ammonia decomposition from 0 to 20% and preheating combustion for 

adiabatic flame temperature from 2262 to 2288 K for equivalence ratio = 1.00. 
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Fig. 3-12. Comparison of mass flux between nonequilibrium plasma assisted combustion for degree 

of ammonia decomposition from 0 to 20% and preheating combustion for adiabatic flame temperature: 

from 2262 to 2288 K for equivalence ratio = 1.00. 
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3-14

Fig. 3-13. Schematic of the definition of the flame thickness.

Fig. 3-14. Comparison of flame thickness between nonequilibrium plasma assisted combustion for 

degree of ammonia decomposition from 0 to 20% and preheating combustion for adiabatic flame 

temperature from 2262 to 2288 K for equivalence ratio = 1.00.
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Fig. 4-1. Schematic of the relation between plasma reaction analysis and combustion reaction analysis. 
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O
[10-12]

O  

  (R1) 

(R1) OH  

   (R2)  

(R2) (R2)

 

Popov O
[13]  

  (R3) 

  . (R4)  
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O
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10 ns 10 kHz
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1500 K 2.00×1017 cm-3 O 6.00×1010 cm-3

 N2(B3)

 

 

Table 4-1 Initial conditions of the validation of air plasma reactions. 

Gas temperature [K] 1500 

Gas composition Air 

+ plasma species 

plasma species 

[cm-3] 

O 2.00×1017 

Electrons 6.00×1010 
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4-2

[6]

6.0×10-8 1.0×10-10  

Fig. 4-2. Fitting curve (green, dot line) of the reduced electric field in experimental data taken by 

Rusterholtz et al. [6] (blue solid line). 
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Table 4-2. Initial and boundary conditions of the two-stage simulation of the non-equilibrium plasma-

assisted combustion of ammonia. 

 Plasma reaction analysis Combustion reaction analysis 

Computation code ZDPlasKin SENKIN 

Initial gas composition 
NH3/Air mixture 

Electron and N2+: 10-20 
Obtained from plasma reaction analysis 

Equivalence ratio [-] 1.0 – 

Gas temperature [K] 800 (Constant) Obtained from plasma reaction analysis 

Pressure [MPa] 0.1 (Constant) 0.1 (Constant) 

Calculation time 1 s 1 s 

Reduced electric field [Td] 100 – 

 

4.4. NH3/N2/O2  

 

NH3/N2/O2 Pancheshnyi

N2/O2 [3]

NH3/N2/O2

A NH3/N2/O2  

4-3 NH3/N2/O2

 (V-T ) 

Pancheshnyi v = 1 8 N2 (X1Σg+) v = 1 4

O2(X3Σg-) V-T [3,15]

 

NH3/N2/O2 N2 N2(A3) N2(B3) N2(a'1)

N2(C3) N2(A3) N2(A3Σu-) N2(B3Πg) N2(W3Δu)

N2(B'3Σu-) N2(B3) N2(B3)

N2(B3Πg)
[13]

N2(a'1Σu-) N2(a1Πg) N2(w1Δu) 

N2(a’1) N2(a’1)

N2(a'1Σu-) N2(C3Πu) N2(E3Σg+) N2(a"1Σg+)
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N2(C3)

N2(C3Πu)  

 

Table 4-3. Species considered in the N2/O2/NH3 plasma reaction list. 

Type of species Species 

Ground-state molecules N2, O2, O3, NO, N2O, NO2, NO3, N2O5,  

NH3, NH2, NH, H2, OH, H2O, NOH, H2NO 

Ground-state atoms N, O, H 

Positive ions N+, N2+, N3+, N4+, O+, O2+, O3+, O4+, 

NO+, N2O+, NO2+, H+, H2+, H3+, H3O+, 

NH3+, NH2+, NH+, N2H+, NH4+ 

Negative ions O-, O2-, O3-, O4-, NO-, N2O-, NO2-, NO3-, H- 

Vibrationally excited species N2(X, v) 1v≤8,  

O2(X, v) 1v4  

Electronically excited molecules N2(A3), N2(B3), N2(a'1), N2(C3) 

O2(a1), O2(b1), O2(4.5 eV) 

Electronically excited atoms N(2D), N(2P),  

O(1D), O(1S) 

 

Table 4-4 Species pairs of the quenching reactions of electronically excited species contained in the 

NH3/N2/O2 plasma reaction list. 

Electronically excited species Reactants 

N2(A3) O, O2, N, N2, N2(A3), NO, N2O, NO2, H, H2, NH3 

N2(B3) O2, N2, NO, H2 

N2(C3) O2, N2 

N2(a`1) N2, NO, N2(A3), N2(a`1), H, H2 

N(2D) O, O2, NO, N2O, N2, H2, NH3 

N(2P) N, O, O2, N, N2, N(2D), NO, H2 

O2(a1) O, O2, O2(a1), O3, N, N2, NO, NH3 

O2(b1) O, O2, N2, NO, O3,  

O2(4.5eV) O, O2, N2 

O(1D) O, O2, O3, N2, NO, N2O, NH3 

O(1S) O, O2, O2(a1), O3, N, N2, NO, N2O 
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O2 O2(a1) O2(b1) O2(4.5eV) 3

O2(a1) O2(a1Δg) O2(b1) O2(b1Σg+) O2(4.5eV)

O2(C3Δu) O2(c1Σu-) O2(A3Σu+)

O2(B3Σu-) O2(9.97eV)

O

 

 (R5) 

 (R6) 

 (R7) 

NH3(e1) NH3(e2) [16]

 

  (R8) 

  (R9) 

3.2

BOLSIG+[8] 4-5
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Table 4-5. Cross section data set used in NH3/N2/O2 plasma reaction analysis. 

Species Database Processes Ref. 

N Morgan Ionization [17] 

N2 Biagi Vibrational excitation 

Electric excitation 

Dissociation 

Ionization 

[18] 

FLINDERS Vibrational excitation/de-excitation [19] 

N2(A3) Morgan Ionization [17] 

O Morgan Electric excitation 

Ionization 

Attachment 

[17] 

O2 Phelps Vibrational excitation 

Electric excitation 

Dissociation 

Ionization 

[20] 

O2(a1) Morgan Ionization [17] 

O3 Morgan Ionization 

Dissociative attachment 

[17] 

NO Morgan Ionization 

Dissociative attachment 

[17] 

N2O Hayashi Ionization [21] 

NH3 Morgan Electric excitation 

Ionization 

Dissociative attachment 

[17] 

Rejoub Dissociative ionization [22] 

 

NH3/N2/O2

Rusterholtz

4-3 N2(B3) N2(C3) O Rusterholtz

4-3

N2(B3) N2(C3) 2500 K 2100 

K
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[3]  
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Fig. 4-3. Comparison of the simulation result (green, solid line/dash line) and the experimental data 

taken by Rusterholtz et al.[6] (blue, symbols/line). 
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Fig. 4-4. Production rate of main O generation reaction in the simulation for validation of reaction list 

with experimental data taken by Rusterholtz et al.[6] 
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Fig. 4-5. Constant reduced electric field and the peak of current density, E/N = 100 Td, initial 

temperature is 800 K, equivalence ratio is 1.0. 
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Fig. 4-6. Decomposition of initial species and generation of ions, electrons, radicals, and electronically 

excited species in the result of plasma reaction analysis, E/N = 100 Td, initial temperature is 800 K, 

equivalence ratio is 1.0. 
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Fig. 4-7. Production rate of electrons in plasma reaction analysis, E/N = 100 Td, initial temperature is 

800 K, equivalence ratio is 1.0. 
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Fig. 4-8. Ignition delay time calculated in combustion reaction analysis with the application time of 

the electric field, E/N = 100 Td, initial temperature is 800 K, equivalence ratio is 1.0. 
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Fig. 4-9. Normalized ignition delay time (a) and mole fraction after application of electric field (b) at 

a reduction in mole fraction of i-th species, E/N = 100 Td, initial temperature is 800 K, equivalence 

ratio is 1.0, time of the application of electric field of 600 ns. 
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Fig. 4-10. Production rate of O in plasma reaction analysis, E/N = 100 Td, initial temperature is 800 

K, equivalence ratio is 1.0. 

 

 

Fig. 4-11. Production rate of H in plasma reaction analysis, E/N = 100 Td, initial temperature is 800 

K, equivalence ratio is 1.0. 
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Fig. 4-12. Fractional power dissipated by electrons into various channels as a function of E/N in the 

NH3/Air at equivalence ratio is 1.00, gas temperature is 800 K, atmospheric pressure obtained from 

BOLSIG+. 
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Fig. 4-13. Mole fraction of NO at the product of combustion reaction analysis with application time 

in plasma reaction analysis, E/N = 100 Td, initial temperature is 800 K, equivalence ratio is 1.0. 
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Fig. 5-1. Schematic of numerical modeling on repetitive nanosecond pulsed discharge. 
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Fig. 5-2 Temperature rise caused by additions of O atoms. Left-upper box: linearized view in the 

duration of pulse application. 
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Fig. 5-3 Relation between ignition delay time and number of pulses. 
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Fig. 5-4 Comparison of mole fractions of active species and temperature in different number of pulses: 

1, 2, 8, 50 pulses. 
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Fig. 5-5 Ignition delay time versus pulse frequency. 
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Fig. 5-6 Time history of temperature and mole fraction of O atom.
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Fig. 5-9 Schematic of reaction path of CH3O in different time scale. 
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Table A Plasma reactions related to ammonia combined to N2/O2 complete reaction list. 

No. Reaction Rate coefficient [cm3 s-1] Ref. 

Excitation of electronic levels by electron impact and pre-dissociation 

R1  

 

BOLSIG NH3 -> 

NH3(e1)(5.72eV) 

[1] 

R2  

 

BOLSIG NH3 -> 

NH3(e2)(8.65eV) 

[1] 

Ionization by electron impact 

R3  BOLSIG NH3 -> NH3+ [2] 

R4  BOLSIG NH3 -> NH2 + H+ [3] 

R5  BOLSIG NH3 -> NH + H2+ [3] 

Electron-ion recombination 

R6  3.00×10-7 [4] 

Electron attachment 

R7  BOLSIG NH3 -> NH2 + H- [2] 

Quenching and excitation of N2 

R8  5.0×10-11 [5] 

R9  2.0×10-10 [5] 

R10  1.6×10-10 [5] 

R11  2.5×10-11 [5] 

R12  1.5×10-11 [5] 

R13  2.6×10-11 [5] 

Deactivation of N metastable state 

R14  2.3×10-12 [5] 

R15  1.1×10-10 [5] 

R16  2.5×10-14 [5] 

Bimolecular nitrogen-hydrogen reactions 

R17  5.4×10-11 exp(-165/Tgas) [5] 

R18  6.6×10-11 exp(-1840/Tgas) [5] 

R19  8.4×10-14 (Tgas/300)4.1 exp(-

4760/Tgas) 

[5] 

R20  5.4×10-11 exp(-6492/Tgas) [5] 



R21  5.0×10-11 [5] 

R22  1.2×10-10 [5] 

R23  1.2×10-10 [5] 

R24  1.7×10-12 (Tgas/300)1.5 [5] 

R25  8.5×10-11 [5] 

R26  5.0×10-14 (Tgas/300) [5] 

R27  1.66×10-12 [5] 

R28  1.0×10-13 [6] 

R29  1.4×10-12 [6] 

Recombination of nitrogen-oxygen molecules 

R30 

 

2.4×10-36 exp(500/Tgas) [5] 

R31  2.3×10-35 (300/Tgas)0.6 [5] 

R32  2.2×10-35 (300/Tgas) [5] 

R33 

 

2.6×10-36 [5] 

R34 

 

2.6×10-37 [5] 

R35 

 

2.6×10-35 [5] 

R36 

 

1.4×10-32 [5] 

R37 

 

6.5×10-38 (Tgas/300) 

exp(1700/Tgas) 

[5] 

Positive ion reactions 

R38  5.0×10-10 [5] 

R39  4.7×10-10 [5] 

R40  2.12×10-10 [5] 

R41  5.20×10-9 [5] 

R42  6.40×10-10 [5] 

R43  2.00×10-9 [5] 

R44  5.70×10-9 [5] 

R45  2.00×10-9 [5] 

R46  1.85×10-10 [5] 



R47  1.05×10-9 [5] 

R48  1.80×10-9 [5] 

R49  6.00×10-10 [5] 

R50  6.50×10-10 [5] 

R51  1.95×10-10 [5] 

R52  1.15×10-9 [5] 

R53  1.15×10-9 [5] 

R54  2.3×10-9 [5] 

R55  1.14×10-9 [7] 

R56  2.39×10-9 [7] 

R57  9.96×10-10 [7] 

R58  2.49×10-9 [7] 

R59  2.20×10-9 [6] 

R60  1.00×10-9 [6] 

Ion-ion recombination 

R61  3.47×10-6 Te-0.5 [7] 

R62  3.47×10-6 Te-0.5 [7] 

R63  3.47×10-6 Te-0.5 [7] 

R64  3.47×10-6 Te-0.5 [7] 

R65  3.47×10-6 Te-0.5 [7] 

R66  3.47×10-6 Te-0.5 [7] 

R67  3.47×10-6 Te-0.5 [7] 

R68  2.99×10-6 [4] 

R69  2×10-7 (300/Tgas) [5] 

R70  2×10-7 (300/Tgas) [5] 

R71  2×10-7 (300/Tgas) [5] 

R72  2×10-7 (300/Tgas) [5] 

R73  2×10-7 (300/Tgas) [5] 

R74 

 

5×10-28 (300/Tgas)2.5 [5] 

R75 

 

5×10-28 (300/Tgas)2.5 [5] 

R76 

 

5×10-28 (300/Tgas)2.5 [5] 



R77 

 

5×10-28 (300/Tgas)2.5 [5] 

R78 

 

5×10-28 (300/Tgas)2.5 [5] 
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